Abstract. Exposure to trauma is a potential contributor to anxiety; however, the molecular mechanisms responsible for trauma-induced anxiety require further clarification. In this study, in an aim to explore these mechanisms, we observed the changes in the hypothalamic pituitary adrenal (HPA) axis using a radioimmunoassay and the changes in anxiety-like behavior using the open field test and elevated plus maze test in a rat model following intervention with NBI-27914, a specific corticotropin-releasing hormone receptor 1 (CRHR1) antagonist. CRHR1 was found to be involved in trauma-induced anxiety. We then applied bioinformatic analysis to screen microRNAs (miRNAs or miRs) that target CRHR1, and miR-34b was determined to negatively regulate CRHR1 mRNA in primary hypothalamic neurons. The overexpression of miR-34b in the paraventricular nucleus (PVN) by a miRNA agomir using a drug delivery system decreased the hyperactivity of the HPA axis and anxiety-like behavior. Overall, the involvement of the HPA axis in trauma-induced anxiety was demonstrated, and trauma-induced anxiety was attenuated by decreasing the hyperactivity of the HPA axis via miR-34b by targeting CRHR1.
Introduction
Exposure to traumatic events is a risk factor for anxiety disorders (1) . Acute stress-induced anxiety helps to maintain arousal and vigilance during dangerous conditions; however, anxiety is unfavorable for the recovery of a subset of patients that have experienced emergency major surgery or trauma (2, 3) . Anxiety emerges sometimes in the aftermath of major surgery or incident injury. This has been increasingly established in traumatic events research, which is a growing area of focus (3) (4) (5) .
Several approaches have been used to solve this issue, including psychotherapy and anti-depressant medications (6) , with little success. Furthermore, the application of certain medications during the peri-operative period sometimes produces undesired reactions (7) , such as a risk for bleeding (8) . The dysfunction of the hypothalamic pituitary adrenal (HPA) axis is one of the most widely accepted hypothesis of anxiety (9) , which is a central system in maintaining neuroendocrine equilibrium.
The HPA axis is composed of corticotropin-releasing hormone (CRH) that is secreted from the hypothalamus and successively stimulates adrenocorticotropic hormone (ACTH) secretion from the pituitary gland. Glucocorticoid hormones [human, cortisol; rodent, corticosterone (CORT)] are then secreted from the cortex of the adrenal glands. The HPA axis has an established association with anxiety, including physiological homeostasis and the stress response (10, 11) . Disturbances in this system result in severe hormonal imbalances, which may be strongly implicated in the pathology of major depressive disorder (9) ; however, the potential role of the HPA axis in trauma-induced anxiety remains unknown.
MicroRNAs (miRNAs or miRs) are small, non-coding RNAs that typically bind to specific sequences in the 3'-untranslated regions (3'-UTRs) of targeted mRNAs to negatively fine-tune protein expression. miRNAs have recently emerged as a key regulator of metabolism and many are considered to be biomarkers of depression or anxiety (12) . miRNAs play an important role in mediating anxiety via glucocorticoid (GC) hormone signaling. There is evidence that miR-124a may mediate anxiety via GC/glucocorticoid hormone receptor (GR) signaling (13) and that miR-608 may affect anxiety and CORT (14) ; however, the molecular mechanisms through which major surgery induces anxiety and the involvement of miRNAs in the hypothalamus in mediating the HPA axis require further investigation.
This study aimed to investigate the role of the HPA axis in trauma-induced, anxiety-like behavior and to evaluate whether miRNAs in the hypothalamus are involved in a rodent model. Surgery. The adult male Sprague-Dawley rats in the model group were subjected to hepatectomies under anesthesia by sodium pentobarbital (30 mg/kg). Briefly, an approximately 7-cm-long surgical incision was made from the xiphoid process to the pubic symphysis along the abdomen. From this incision, 10% of the liver was removed from the right lobe. The incision was then closed following exhaustive hemostasis. All rats were kept warm under a 22˚C environment during the hepatectomy and covered with a sterile gauze after hepatectomy. All surgeries were performed between 8:00 and 10:00 a.m. The rats in the sham-operated (sham) group were administered only anesthesia and only an incision was made. No intervention process was performed on the rats in the intact group.
Animal groups. In the first set of animal experiments the SD rats were divided into the intact, sham and model group. There were 7 rats in each group. In the second set of animal experiments, the SD rats were divided into the hepatectomy + vehicle and hepatectomy + NBI-27914 group. There were 7 rats in each group. In the third set of animal experiments, the SD rats were divided into the miR-NC-A, miR-34b-A, hepatectomy + miR-NC-A and hepatectomy + miR-34b-A group. There were 4 rats in each group.
Tissue collection. The rats in each group were sacrificed by decapitation. Their brains were immediately removed and the hypothalamus was separated from the brain. All samples were snap-frozen in liquid nitrogen and then stored at -80˚C until further processing.
Radioimmunoassay (RIA).
Blood samples were collected by decapitation at the time of sacrifice and the serum was separated by centrifugation. The concentrations of CRH, ACTH and CORT were determined by RIA kits that were purchased from the Beijing Sinouk Institute of Biological Technology (Beijing, China). All the samples were assayed together, with each sample analyzed in duplicate.
Cell culture. Primary cultures of fetal hypothalamic neuronal cells were prepared from 1-day-old neonatal Sprague-Dawley rats, as previously described (15 Pharmacological applications and miRNA transfection. Drugs were injected into the paraventricular nucleus (PVN) in vivo according to the rat brain in stereotaxic coordinates third at AP 1.5 mm, DV 0.4 mm, H 7.8 mm using a drug delivery system from RWD Life Science, Shenzhen, China (RWD, 62037, 62137, 62237). This system was fixed into the rat brain 10 days before an experiment to avoid unnecessary disturbances. The rats were administered injections of the vehicle (0.5 µl 0.9% saline) or 5-chloro-4-[N-(cyclo-propyl) methyl-N-propylamino]-2-m ethyl-6-(2,4,6-trichlor-ophenyl) amino-pyridine (NBI-27914: 5 nmol; 184241-44-9; Sigma, St. Louis, MO, USA) which was dissolved in the vehicle before the surgery.
miRNA mimics for miR-351, miR-34b, miR-34c, miR-24, miR-204, miR-214, miR-27a, miR-122, miR-150, miR-216a and miR-218, agomirs (miR--34b) and their negative controls (miR04201-1-10) were commercially synthesized from RuiBio, Guangzhou, China. These miRNA mimics and control were transfected into the hypothalamic neurons and 293T cells using transfection reagent (FuGENE ® HD Transfection Reagent, E2312; Promega Madison, WI, USA), according to the manufacturer' s instructions in vitro. miR-34b agomir and its negative control were injected into the PVN using the drug delivery system at 1 week and 3 days before the experiment, each at a concentration of 5 nmol.
Following transfection, the hypothalamics neurons from primary culture were incubated with the vehicle or 10 µM forskolin, and these cells were harvested at 2, 4 and 24 h after the forskolin application.
Open field test (OFT) and elevated plus maze test.
One day after surgery, all the rats were transferred to a quiet room to assess their anxiety activity. Each rat was placed in the center of a black polycarbonate box (100x100x48 cm, length x width x height), which had been cleared by 75% ethanol to reduce the inference of odors. Their locomotor activity, times of crossing the central area and forelegs lifting from the floor were recorded for 5 min using a video camera that was mounted 100 cm above the arena.
One hour after OFT, the anxiety-like behavior of the rats was determined using the elevated plus maze (EPM) test. It was a cross-shaped platform constituted of 4 arms (50x10 cm) and was 50 cm elevated above ground. The rats were placed in the central area (10x10 cm) of the maze cleared by 75% ethanol towards an open arm. Their behavior were recorded for 5 min using a video camera that was mounted 100 cm above the arena.All data were analyzed using Xinruan software (XR-Xmaze + ; Xinruan, Shanghai, China).
Real-time-polymerase chain reaction (RT-PCR).
For the analysis of mRNA expression, total hypothalamic RNA was extracted using TRIzol reagent (15596-026; Invitrogen) according to the manufacturer' s instructions. The purity and integrity of the RNA were examined spectroscopically before obtaining cDNA using the GoScript™ Reverse Transcription system (M1705; Promega). The reactions were set up with 10 µl SYBR-Green Real Master Mix (Promega), 1.6 µl primer mixture (200 nM), and 1.6 µl cDNA template. The thermal cycling conditions were as follows: 95˚C, 3 min for denaturation, followed by 38 cycles of 95˚C, 10 sec, and 60˚C, 30 sec, and 72˚C for 30 sec. After the cycles, a melting curve analysis was performed to ensure the purity of PCR products.
For the analysis of miRNA expression, miRNA was extracted using the miRcute miRNA assay (DP501; Tiangen Biotech, Beijing, China). The purity and integrity of the RNA were also examined spectroscopically before obtaining cDNA using the GoScript™ Reverse Transcription system (M1705; Promega).
The primers that were used for the analysis of mRNA and miRNA expression (Table I) were designed and synthesized by Invitrogen and purified by high performance liquid chromatography (HPLC). All experiments were run in triplicate and relative mRNA and miRNA levels were analyzed by means of the 2 -ΔΔCt method and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and U6 RNA, respectively.
Western blot analysis. The hypothalamic tissue was isolated from the rat brains and homogenized in RIPA buffer (9806; Cell Signaling Technology, Danvers, MA, USA). Following calibration by the BCA protein assay kit (23225; Pierce Pharmaceuticals, Waltham, MA, USA) the hypothalamic supernatant was denatured for 10 min at 100˚C in a solution of 4X Laemmli sample buffer (161-0747; Bio-Rad, Hercules, CA, USA). The proteins were separated using Bio-Rad equipment (PowerPac Universal; Bio-Rad) and transferred onto polyvinylidene fluoride (PVDF) membranes (ISEQ00010; Merck Millipore, Darmstadt, Germany). The PVDF membranes were then incubated in 5% non-fat milk for 1 h at room temperature and incubated at 4˚C in primary antibodies overnight (CRHR1: AP01194PU-N, 1:500; Acris Antibodies GmbH, Herford, Germany).
After washing in buffer (TBS-0.1% Tween-20), the membranes were incubated with HRP-conjugated rabbit anti-goat IgG (H+L) (SA00001-4; Proteintech, Chicago, IL, USA) , diluted at 1:10,000, for 2 h at 4˚C. Target protein signals were detected using an ECL detection kit (Immobilon Western Chemiluminescent Horseradish Peroxidase Substrate p90720; Millipore) and exposed using an Image Quant LAS 4000 mini (GE Healthcare, Buckinghamshire, UK). The signals were quantified using Quantity One software. The results for signal intensity were expressed in arbitrary densitometric units, after normalizing to GAPDH (ab181602; Abcam, Cambridge, UK) as an internal standard.
Immunofluorescence (IF).
After being cultured for 1 week, the cells were washed with hanks balanced salt solution (HBSS: C0218; Beyotime, Jiangsu, China) and fixed using 4% paraformaldehyde (PFA) in 0.01 M phosphate-buffered saline (PBS) at room temperature for 10 min. They were then blocked with 10% FBS at 37°C for 1 h before being incubated in a mouse polyclonal antibody against NeuN (ABN78; 1:1,000; Millipore) diluted in PBS containing 1% bovine serum albumin (BSA: 9048-46-8; Amersco, Solon, OH, USA), 0.02% sodium azide and 0.03% Triton X-100 at 4˚C overnight. After rinsing, the cells were incubated in secondary antibody solutions [1:500, Alexa Flour 488 donkey anti-mouse IgG (H+L) antibody, A11032; Life Technologies] for 1 h at room temperature. The cells were analyzed using a Fluorescence microscope (Leica, Wetzlar, Germany).
Luciferase reporter assay. A forward primer (GCTAGCTGC AAGCTCACTGACGAGCC) and reverse primer (TCTAGAG GACTGGACCATTCTAACCC) were used to amplify the segment of CRHR1 3'-UTR sequence by RT-PCR. The Dual-Luciferase reporter genes were constructed using the psiCHECKTM-2 vector (Promega) and the 3'-UTR sequences of rat CRHR1. The sequences were introduced between the NotI and XhoI sites to Renilla luciferase 3'-UTR. The Firefly luciferase vector was used for internal reference. Constructs with mutated 3'-UTR of CRHR1 were used as negative controls.
The 293T cells were cultured in DMEM that was supplemented with 10% FBS. A total of 4x10 4 cells/well were seeded onto 24-well plates. Following 24 h in culture, the cells were transfected using transfection reagent (FuGENE ® HD Transfection Reagent, E2312; Promega) with a mixture containing 200 ng/ml of the Dual-Luciferase reporter plasmid and 40 nM miR-34b mimic or NC mimic. The cells transfected with the vectors containing a mutation in the 3'-UTR of CRHR1 (p-Luc-3_-UTR MUT CRHR1) served as controls for normalization. When the cells were transfected for 24 h, the luciferase activity was measured using a Dual-Lucferase ® Reporter assay system (E1910; Promega). All transfections were repeated independently 3 times.
Statistical analysis. The data are presented as the mean ± standard deviation (SD) and were analyzed using SPSS 17.0 software. For statistical comparisons, the values were subjected to a one-way ANOVA followed by Tukey's test among the groups. A P-value of <0.05 was considered to indicate a statistically significant difference.
Results

Surgery-induced anxiety-like behavior and hyperactivity of the HPA axis.
The results of the OFT revealed a significant decrease in locomotor activity in the model group compared with the intact group (p<0.05). Moreover, the crossing numbers (p<0.05) and rearing numbers (p<0.01) in the model group also exhibited a statistically significant decreasing trend when compared with the intact group (Fig. 1A) . In the EPM test, the rats in the model group demonstrated a lower open arm time (p<0.05) and open arm entries (p<0.01) compared with those in the intact and sham group (Fig. 1B) . Moreover, the concentrations of serum CRH (p<0.05), ACTH (p<0.01) and CORT (p<0.001) increased significantly in the model group when compared with the intact group (Fig. 1C) . In addition, the mRNA (p<0.001) and protein (p<0.01) expression of CRHR1 in the model group was upregulated when compared with the intact group (Fig. 1D) .
Surgery-induced anxiety and hyperactivity of the HPA axis is blocked by NBI-27914.
Increases in locomotor activity (p<0.01), crossing numbers (p<0.05) and rearing numbers (p<0.01) in the OFT were observed in the hepatectomy + NBI-27914 group when compared with the hepatectomy + vehicle group (Fig. 2A) ; we also observed increases in both the open arm time (p<0.05) and entries (p<0.01) (Fig. 2B) . Moreover, CRHR1 protein expression level was downregulated in the hepatectomy + NBI-27914 group (p<0.01) compared with the hepatectomy + vehicle group (Fig. 2C) . The concentrations of serum ACTH (p<0.05) and CORT (p<0.01) were decreased in the hepatectomy + NBI-27914 group when compared with the hepatectomy + vehicle group; however, there was no difference in the levels of CRH (p>0.05) between the hepatectomy + vehicle and hepatectomy + NBI-27914 group (Fig. 2D) . the cells were neurons (Fig. 3A) . The mRNA levels of CRH, CRHR1, CRHR2, AVP, AVPR1a and AVPR1b were enhanced in response to forskolin, which was observed after 2, 4 and 24 h (p<0.05) (Fig. 3B and C) . Moreover, a similar trend in CRH and CRHR1 protein levels was observed in the hypothalamic neurons (p<0.05) (Fig. 3D) .
Forskolin induces CRH and
CRHR1 is a target of miR-34b. From previous bioinformatic analyses, particularly research from http://www.targetscan.org/ vert_61/ and http://zmf.umm.uni-heidelberg.de/apps/zmf/ mirwalk2/, miR-24, miR-34b, miR-34c, miR-27a, miR-122, miR-128, miR-150, miR-204, miR-214 and miR-216a were identified as candidate miRNAs for binding to the 3'-UTR of CRHR1 mRNA (Fig. 4A) . Following the overexpression of these miRNAs, CRHR1 mRNA was found to be decreased following the administration of miR-27a (p<0.05) and miR-34b (p<0.05) (Fig. 4B) . miR-34b was observed to be decreased in response to forskolin whithin 1 day (p<0.05) ( Fig. 4C) , while there was no significant effect on miR-27a (p>0.05) (Fig. 4D) . Compared with the intact group, hypothalamic miR-34b in the model group exhibited a decreasing trend (p<0.01) (Fig. 4E) .
The genes with a mutation in the seed region of the 3'-UTR of CRHR1 were unable to bind to miR-34b (Fig. 5A) , thereby not eliminating CRHR1 mRNA. The luciferase activity of the cells transfected with miR-34b expression and p-Luc-3'-UTR CRHR1 was decreased by 50% when compared with the cells that were co-transfected with miR-NC mimic and p-Luc-3'-UTR CRHR1 (p<0.05). The negative control construct of mutations in the 3'-UTR of CRHR1 showed no obvious change in luciferase activity (p>0.05) (Fig. 5B) . The overexpression of miR-34b downregulated the CRHR1 protein levels (p<0.05) (Fig. 5C ). Moreover, there was an increase in the CRHR1 mRNA level by forskolin in the primary hypothalamus after 1 day (p<0.01), while the overexpression of miR-34b attenuated this increase in the CRHR1 mRNA level compared with the miR-NC group (p<0.01) (Fig. 5D) .
Surgery-induced anxiety and hyperactivity of the HPA axis is
blocked by the overexpression of miR-34b. Using cerebral stereotaxis, miR-34b agomiR was used to induce the overexpression of miR-34b in the hypothalamus before surgery. As shown by the results of OFT, the locomotor activity (p<0.01) was decreased in the hepatectomy + miR-NC-A group compared with the miR-NC-A group. The overexpression of miR-34b using agomir in the rats in the hepatectomy + miR-34b-A group increased their locomotor activity (p<0.01) compared with the rats in the hepatectomy + miR-NC-A group (Fig. 6A) . Furthermore, both the open arm time (p<0.01) and entries (p<0.05) were decreased in the hepatectomy + miR-NC-A group compared with the miR-NC-A group, and the open arm time was increased (p<0.05) in the hepactomy + miR-34b-A group compared with the hepatectomy + miR-NC-A group (Fig. 6B) . In addition, we found that CRHR1 expression in the hepatectomy + miR-NC-A group was increased compared with the miR-NC-A group (p<0.001), and was decreased in the hepatectomy + miR-NC-A group (p<0.05) compared with the hepatectomy + miR-34b-A group (Fig. 6C) .
The ACTH (p<0.05) and CORT (p<0.01) levels were upregulated in the hepatectomy + miR-NC-A group when compared with the miR-NC-A group. Moreover, the levels of ACTH (p<0.05), CORT (p<0.05) in the hepatectomy + miR-34b-A group were decreased when compared with those in the hepatectomy + miR-NC-A (Fig. 6D) .
Discussion
Trauma affects a large number of individuals and must be considered a significant public health issue. Trauma-related disorders, particularly anxiety, are commonly experienced by patients who are exposed to emergency trauma or undergo surgery. Patients with post-surgery depression have been found to be a host of poor surgical recovery outcomes (2) .
Anxiety is often characterized by a malfunction of the HPA axis (16) , which is a hormonal pathway that is initiated by the release of CRH from the PVN in the hypothalamus. Thus, the release of CRH stimulates the secretion of ACTH into the bloodstream from the anterior pituitary gland where axons from parvocellular neurons in the PVN project through the median eminence. ACTH stimulates the synthesis and secretion of cortisol from the adrenal glands. Glucocorticoids can suppress CRH or ACTH gene expression in the hypothalamus or pituitary gland. It has been shown that the HPA axis modulates childhood trauma in the development of borderline personality disorder (17) . The HPA axis has been shown to be associated with anxiety (18) . In the present study, a partial hepatectomy was used as a type of stress with which to excessively activate the HPA axis, as research has demonstrated an evident increase in CORT levels in rodents following a hepatectomy (19, 20) in order to facilitate liver regeneration. We found that the rats subjected to hepatectomy were anxious and experienced a dysfunction of the HPA axis, based upon the results of the OFT, EPM test and RIA.
As the CRH system in the hypothalamus is the central integrator in the HPA axis (21), a dysregulated CRH/CRHR1 system is considered to be one of the most common mechanisms that is associated with emotional disorders (22) . CRHR1 exaggerates the CRH secretion in the hypothalamus as there is a positive ultrashort loop feedback of the CRH system in the hypothalamus (23) . CRHR1 in the PVN has been shown to be involved in prenatal hypoxia exposure-induced anxiety in adult male rat offspring (24) . CRHR1 in the amygdala has been reported to be involved in anxiety induced by environmental factors (25) . The CRHR1 gene determines stress vulnerability (26) and contributes significantly to the depression severity rating (27) . Another study demonstrated that the methylation of CRHR1 in the hypothalamus is linked to anxiety-like behavior (28) . With increases in CRH, ACTH and CORT levels, CRHR1 was increased both at the mRNA and protein levels following surgery in the present study. Furthermore, the rats also expressed anxiety-like behavior. NBI-27914 is a CRHR1 specific antagonist (29, 30) . In this study, we found that the application of NBI-27914 in the hypothalamus decreased the hyperactivity of the HPA axis and thus attenuated anxiety-like behavior by the inhibition of CRHR1. These results indicate that CRHR1 is involved in surgery-induced hyperactivity and anxiety. miRNAs are small, non-coding RNAs that post-transcriptionally regulate gene expression. Hundreds of miRNAs have been identified throughout the brain and are involved in the regulation of neuronal development, function and dysfunc- tion (31) . miRNAs have been proven to affect anxiety by altering synaptic plasticity (32) . Serum levels of miRNA-132 and miRNA-128 have been reported to affect anxiety by targeting BDNF (33) (34) (35) , which has been proven to mediate anxiety through neuronal neurogenesis and differentiation. The results from a previous study demonstrated that miR-134 mediate homeostatic synaptic depression (36) .
miR-1202 enriched in the human brain has been shown to be associated with the pathophysiology of depression by targeting metabotropic glutamate receptor 4 (37). miR-185 and miR-491 also participate in the pathogenesis of depression (38) .
Furthermore, miRNAs that possess polymorphisms may affect depression risk and treatment (39) .
Nevertheless, limited research has been conducted concerning the association between miRNAs and the HPA axis in anxiety, particularly surgery-induced anxiety. The amygdala, hippocampus and other limbic structures can affect the function of the HPA axis (40) .
Following bioinformatic analysis using TargetScan and miRWalk, 11 miRNAs were found to be overexpressed in primary hypothalamic neurons. miR-34b and miR-27a were found to have a negative association with CRHR1 mRNA. * p<0.05 represents statistically significant differences compared with the miR-NC-A group; # p<0.05 represents statistically significant differences compared with the hepatectomy + miR-34b-A group.
Forskolin was used to increase the expression of cyclic AMP in vitro and activated the CRH system, which has been proven to do so by previous studies (41, 42) . In this study, we found an evident increase in activity in the CRH and AVP systems in primary hypothalamic neurons following treatment with forskolin. Moreover, accompanying this increasing trend in CRHR1 mRNA levels in the hypothalamic neurons, miR-34b was decreased following treatment with forskolin. Moreover, the overexpression of miR-34b decreased the CRHR1 protein levels and the forskolin-induced increase in the CRHR1 mRNA levels. A dual luciferase assay verified that miR-34b decreased the CRHR1 mRNA level by binding to its 3'-UTR. The overexpression of miR-34b by a miR-34b agomir that was injected into the PVN decreased the mRNA and protein level of CRHR1 in the hypothalamus and attenuated the dysfunction of the HPA axis and anxiety-like behavior.
In brief, the results of this study demonstrated that the HPA axis was hyperactive in rats following surgery and anxietylike behavior increased when compared with the intact (not operated) rats. We characterized the role of the HPA axis and miR-34b in the pathogenesis of trauma-induced anxiety and validated that miR-34b is a novel miRNA that regulates the CRHR1 mRNA level in the hypothalamus. We clarified that CRHR1 and its related miRNAs play an important role in the regulation of the HPA axis.
